We present some of the first analyses of the stable isotopic composition of dissolved silicon (Si) in groundwater. The groundwater samples were from the Navajo Sandstone aquifer at Black Mesa, Arizona, USA, and the Si isotope composition of detrital feldspars and secondary clay coatings in the aquifer were also analyzed. Silicon isotope compositions were measured using high-resolution multi-collector inductively coupled mass spectrometry (HR-MC-ICP-MS) (Nu1700 & NuPlasma HR). The quartz dominated bulk rock and feldspar separates have similar d
INTRODUCTION
Stable Si isotopes have been used to characterize and quantify terrestrial Si reservoirs since the 1950s (Reynolds and Verhoogen, 1953; Allenby, 1954 ), but were not very useful until the last two decades when there were significant advances in mass spectrometry. As shown below, there are a number of studies on stable silicon isotopes of rivers and oceans, but no studies of groundwater have been conducted. Groundwater is a major reservoir of fresh water on the earth, far larger than rivers and lakes (Schwartz and Zhang, 2002) . Groundwater significantly contributes to streams, rivers, and lakes, and direct discharge into the oceans has been increasingly recognized as an important contribution of material fluxes to the oceans (Kim et al., 2005; Burnett et al., 2007; Niencheski, 2007; Moore et al., 2008) .
It is established that igneous rocks have an average d 30 Si value of À0.3& (Douthitt, 1982; Ding, 1996; Ziegler et al., 2005a,b; Georg et al., 2007a,b) . Clays, as the products of the chemical weathering of silicates, range in d 30 Si between À2.3& and 1.5&, with the majority of clays being lighter than the average of igneous rocks (Douthitt, 1982; Ding, 1996; De La Rocha et al., 2000; Ziegler et al., 2005a,b) . Biogenic silica spans the largest range of d 30 Si observed in nature. Common to the formation of biogenic silica is the discrimination against heavy Si isotopes during Si utilization (De La Rocha et al., 1997; De La Rocha, 2003; Ding et al., 2005 Ding et al., , 2008 Varela et al., 2004; Alleman et al., 2005; Cardinal et al., 2005; Opfergelt et al., 2006a,b) .
The isotopic composition of dissolved Si in fresh water (lakes and rivers) and seawater shows enrichment in heavy Si. The d 30 Si of seawater ranges between 0.4& and 3.1& (De La Rocha et al., 2000; Varela et al., 2004; Cardinal et al., 2005; Reynolds et al., 2006; Beucher et al., 2008) , and that of rivers between 0.4& and 3.4& (De La Rocha et al., 2000; Ding et al., 2004; Alleman et al., 2005; Ziegler et al., 2005a; Georg et al., 2006a Georg et al., , 2007b , although it should be stressed that values as high as +3& appear to be exceptional.
The existing database of Si isotope compositions in natural systems is limited, but it shows that dissolved Si in surficial waters is isotopically heavy compared to igneous rocks, and secondary products, such as biogenic silica and clays, are generally isotopically light. Therefore, it is commonly believed that Si isotopes are fractionated during the weathering of silicate minerals/rocks and the release of Si into continental runoff. De la Rocha et al. (2000) concluded that riverine Si isotope compositions result from fractionation processes such as biological utilization of Si and the formation of clays.
In a recent contribution Basile-Doelsch et al. (2005) suggested that low-temperature silcretes, which formed in aquifers may represent a Si pool strongly depleted in heavy Si isotopes with d
30
Si values as low as À5.4&. This then has the potential to counterbalance the positive shift of dissolved Si in surficial waters. However, the study by BasileDoelsch et al. (2005) focused on Cretaceous silcretes and did not provide analyses of Si dissolved in groundwater. Here we investigate the Si isotope composition of dissolved Si in the Navajo Sandstone aquifer, Black Mesa, Arizona and compare it to the Si isotope compositions of the feldspar and quartz grains and clay coatings in the aquifer. This study is an extension of a paper presented at the AGU fall meeting in 2005 (Georg et al., 2005) , which together with Ziegler et al. (2005a) represents the first isotope data for dissolved Si in groundwater in silicate rock aquifers.
GEOLOGY, HYDROGEOLOGY, AND MINERALOGY
The Navajo Sandstone aquifer in the Black Mesa basin, Arizona (Fig. 2a) , is a 14,000 km 2 regional aquifer and the most important source of potable water for the region (Cooley et al., 1969; Eychaner, 1983; Zhu, 2000) . The most productive unit in the Navajo Sandstone aquifer is the Navajo Sandstone, a Jurassic eolian quartz sandstone well known for its large cross bedding and spectacular landforms. Groundwater in the Navajo Sandstone aquifer moves southeast from the Shonto area toward the center of the mesa, where the flow path diverges northeastward toward Laguna Creek and Chinle Wash and southwestward toward Moenkopi Wash (Cooley et al., 1969; Brown and Eychaner, 1988) . The aquifer is recharged seasonally from precipitation in the highlands, principally during the winter and spring. The Shonto area, in the northwestern corner of the mesa, accounts for approximately one-third of the total recharge in the basin and most of the water that flows into the center of the basin (Cooley et al., 1969) . The principal discharge areas are along the Moenkopi Wash near Tuba City.
The Navajo Sandstone (N) aquifer is overlain unconformably by the silty Carmel Formation, which hydraulically separates the N and D aquifers in the Black Mesa area (Fig. 2) . The groundwater from the D aquifer is characterized by elevated SO 2À 4 , Cl À , and Na + concentrations and high total dissolved solids (TDS between 124 and 290 mg L À1 for the samples analyzed herein). Leaking of D water into the Navajo Sandstone aquifer is restricted to the southeast edges of the mesa.
The current climate in the Black Mesa area is semiarid, with a mean annual precipitation of 300 mm, but as much as 420 mm in areas above 1800 m in elevation. The mean annual temperature is about 10°C in the Shonto area. Vegetation consists of grass shrubs at altitudes below 1670 m, pinion-juniper between 1670 and 2280 m, and pine forest above 2280 m (Cooley et al., 1969) .
SAMPLING AND ANALYTICAL METHODS

Sampling and analyzing groundwater
Six groundwater samples along a flow path of 100 km, were collected from municipal and production wells that are screened in the Navajo Sandstone aquifer at Black Meza, Arizona, USA. Prior to sample collection, sample bottles were soaked in 0.5 N HCl overnight, and then rinsed with ultra pure HCl and ultrapure de-ionized water. In the field, the wells had been pumped for sufficient time for well purging. Temperature, electric conductivity, pH, and dissolved oxygen were continuously monitored, and samples were taken after steady reading was reached. A braided plastic tube was connected to the spigot of the well with a garden hose connector, and the filter was attached to the other end of the tube. The tube was rinsed for about 10 min before sampling. The bottles were rinsed three times with sampling water before being filled. Samples were filtered through 0.2 lm polysophone filter (Pall 12122). For comparison, a second set of duplicate samples were collected and analyzed with Gelman 0.45 lm capsule filters. All samples were acidified to pH 2 with VWR ultrex II HCl regent (with 100 ppt specification or <20 ppt in assay). One blank sample was prepared in the field with ultrapure de-ionized water. Samples for anion analyses were placed on ice immediately and kept cool until analyses.
For cation concentrations, samples were analyzed on a ThermoElemental PQ ExCell argon ICP quadrupole mass spectrometer with a simultaneous analog and pulse counting detector (courtesy of University of Minnesota). All blanks, standards, and samples are acid matrix matched to lessen matrix and polyatomic overlap effects and are diluted such that element concentrations are in the linear working range of the standard and detector combination. Groundwater samples were also collected for ion chromatographic analysis of anion concentrations (F 
Solid sampling and size fractionation
The solid material analyzed for this study stem from drill cores for hydrocarbon exploration wells (Zhu et al., 2006) . The clay fraction was removed as follows. The crushed rock samples were added to a beaker containing de-ionized water and the mixture placed in an ultrasonic bath. After 10 min, the supernatant and suspension were decanted into 200 ml centrifuge bottles and capped. The beaker was then refilled with 50 ml of de-ionized water and sonicated for another 10 min. Supernatants were centrifuged at 3600 RPM for 60 min, or until clear. The clear liquid of the centrifuged sample was decanted, and the clay-rich fraction was vacuum filtered with a Millipore type VCTP 0.1 lm filter, collected and dried for further processing. The clay fractions collected in this way are mainly smectite with trace kaolinite (Zhu et al., 2006) .
For the feldspar analyses the rock sample was gently crushed using a boron-carbide mortar and pestle, and subsequently washed in warm (60°C) 2 M HCl until grains turned from a reddish patina to ivory white, documenting the removal of Fe coatings. Sixty-six feldspar grains were hand picked under a binocular microscope. Notwithstanding the careful separation based on cleavage of crystal faces, it is not totally certain that no quartz grain was included among this ''feldspar fraction".
Silicon isotope determination -mass spectrometry
Silicon isotope compositions of the silicate mineral phases were analyzed at ETH Zurich in 2005, using the Nu1700 high-resolution multi-collector inductively coupled plasma mass spectrometer (HR-MC-ICP-MS), following the procedure described in more detail elsewhere (Georg et al., 2006b) . Groundwater samples were analyzed using a high-resolution MC-ICP-MS (NuPlasma HR) in the Department of Earth Sciences, University of Oxford, in early 2007. This type of mass spectrometer is capable of high mass resolution, and therefore enables the interference-free determination of all three stable Si isotopes in pseudo high-resolution mode. The instrumental mass bias was corrected by a standard-sample bracketing protocol. Samples were taken up via a self-aspirating 6 mm concentric micro-flow PFA nebuliser with typical uptake rates around 80 ll min À1 and aspirated into a DSN-100 (Nu Instruments) desolvation device. The dried sample aerosol is introduced into the plasma using a semi-demountable torch equipped with a sapphire injector (Elemental Scientific Inc.). The base sensitivity (low resolution mode) of the MC-ICP-MS is typically 6-7 Â 10 À10 A ppm À1 Si, with an uptake rate of 0.1 ml min À1 . However, setting the mass spectrometer to medium resolution mode (changing source slit width from 0.3 to 0.05 mm) reduces the transmission by approximately 80%. Further reduction is given by narrowing the alpha slits located in front of the electrostatic analyzer to correct for further beam aberrations. The overall loss in transmission is around 90% and was compensated by higher concentrations of $1.5 ppm Si, resulting in 7-10 Â 10 À11 A total beam intensities on Faraday cups containing 10 11 X resistors. Each sample was analyzed at least 11 times, where each single d-value represents one sample run and two bracketed standard runs. One run consists of 25 cycles, each integrated for 8 s. The signal to background ratio is typically on the order of 400 and the baseline is estimated from deflecting the beam for 30 Si) as follows:
Measurement accuracy was checked using various calibrated Si isotope standards, such as IRMM-018, Diatomite and BigBatch. The reproducibility of IRMM-018 for a period of 6 months is ±0.15& d Si À0.85 ± 0.14& (Reynolds et al., 2007) . Likewise, IRMM-018, silicon isotope values for BigBatch, Diatomite and BHVO-1 show consistency with calibrated values (Abraham et al., 2008) , data are given in Table 1 .
RESULTS
The isotope data are given in Table 1 and as a 3-isotope plot in Fig. 3 . It is important to note that the water samples using 0.2 lm and 0.45 lm pore size filters show negligible differences in SiO 2 (aq) and Al 3+ concentrations. This indicates that groundwater samples from the Navajo Sandstone do not contain significant amounts of colloidal aluminosilicate in the range of 0.2 and 0.45 lm, and that the analyzed silicon isotope composition represents the dissolved silica.
The bulk quartz sample and the separated feldspar fraction yield isotope data of d
30
Si À0.09 ± 0.04& and À0.15 ± 0.04& (95%SEM), respectively. The clays yield d 30 Si data of À0.24 ± 0.05&, À0.16 ± 0.04&, À0.30 ± 0.04&, À0.42 ± 0.04& and À0.52 ± 0.04& (95%SEM), respectively. The analyses of the Navajo Sandstone feldspars and five co-existing clay mineral samples show that the majority of the clay separates is isotopically lighter by up to 0.4& than the feldspar minerals. Isotopic variations of Si among primary silicate minerals of the same provenance are usually quite small and barely resolvable with current techniques (Georg, 2006) . The Navajo Sandstone is a highly sorted eolian sedimentary rock and its sedimentary as well as petrographic composition is homogenous across the scale considered here. Given the expected small variability of Si isotope composition and the homogeneity of the rock, we can consider the results for the quartz and feldspars to be representative. Dissolved Si in the groundwater samples shows a wider range of d 30 Si values (±95%SEM), ranging from 0.56 ± 0.04& and 0.42 ± 0.04& (Shonto PM2 and PM4), evolving towards negative values of À0.83 ± 0.04& (NAV9 and NAV6), À1.13 ± 0.04& (Rocky Ridge PM2) and eventually À1.42 ± 0.04& (Hotevilla SCH2) with increasing flow distance and travel time ($35 kyr at Hotevilla SCH2 -14 C age data from Zhu (2000)) (Fig. 2b) . The concentration of dissolved Si is $7 mg l À1 in shallow groundwater and between 10 and 12 mg l À1 in deep groundwater, but no correlation is found between Si concentrations and isotope compositions. The Si isotope composition of the older and deeper groundwater is clearly distinct from the typical positive Si isotope composition usually found in surficial waters, e.g. rivers, lakes and oceans or in pore waters of weathering profiles (Fig. 1) .
DISCUSSION
Clay precipitation induced Si isotope fractionation
The eolian Jurassic Navajo Sandstone is composed of about 92% quartz and $4% K-feldspar, with the remainder being calcite, plagioclase, Fe-Ti oxides, hematite, tourmaline, zircon, apatite, barite, smectite and kaolinite (Harshbarger et al., 1957; Dulaney, 1989; Zhu, 2005; Zhu et al., 2006) . The K-feldspar grains are covered with kaolinite, and both kaolinite and feldspars are covered with a mantle of smectite (Zhu et al., 2006) . Petrographic studies demonstrated that the clay minerals were formed in situ as alteration of feldspar, and the smectite is of a low-temperature variety (Zhu, 2005; Zhu et al., 2006) . The K-feldspar isotopic composition of À0.15& is quite close to the composition of the quartz. The clays show lighter Si isotope compositions when compared to the feldspar, demonstrating a fractionation between co-existing primary and secondary minerals (Fig. 3) . However, the magnitude of fractionation is not large (max D fsp-clay : À0.4&). For comparison, Ziegler et al. (2005b) found kaolinite as much as 2& lighter compared to primary biotite and plagioclase in a granitic saprolite in Puerto Rico. One reason for the smaller fractionation found here, could be the composition of the clay fraction, which in our samples consists mostly of smectite with minor amount of kaolinite. The lower overall fractionation between clays and primary minerals could Si of standards are given as ±2r SD in &, and as ±2r SEM for water and silicate samples. n.a. = not available a ''Calibrated" Si isotope values, Reynolds et al., 2007. b Data for BHVO-1 and -2 from Abraham et al. (2008) .
mean that smectite is in general less fractionated than kaolinite. However, the cause of fractionation between smectite, kaolinite, and feldspar is unknown and requires further investigation.
Saturation indices calculations (Appendix A) show that kaolinite is supersaturated in groundwater from wells Shonto PM2 and PM4. Feldspars are either undersaturated or close to saturation within Shonto PM2 and PM4. From recharge water (mostly snow melt) to the shallow groundwater in this area, significant amount of dissolved constituents were acquired by groundwater, which indicate active , 2000; Ding, 1996; Douthitt, 1982; Ziegler et al., 2005a ,b, Igneous materials: this study, Ding, 1996 Douthitt, 1982; Ziegler et al., 2005a,b . dissolution of feldspar among other reactions (Zhu, 2000 (Ziegler et al., 2005a,b) . Feldspars alter into more stable secondary phases and cause Si isotope fractionation with positive d
30 Si dissolving in groundwater and isotopically light Si being incorporated into clays.
The isotope dataset for primary, secondary silicates and dissolved Si in groundwater provides evidence in support of the prevailing theory of Si isotope fractionation during clay formation (De La Rocha et al., 2000; Ziegler et al., 2005a,b; Georg et al.,2006a,b) . However, it should be noted that the groundwater and clay coatings could represent products of different time scales. The Navajo Sandstone has gone through many overprinting events in its 200 million years history and these overprinting events are difficult to distinguish (Zhu et al., 2006) . Additionally, there are references in the literature, which suggest that the coating clays are derived from infiltration of detrital clays in the vadose zone (Matlack et al., 1989; Mucke, 1994) . However, the latest petrographic studies show that the clay coatings do not only cover the outer K-feldspar mineral surfaces, but they also occur in fissures and crevices along cleavages and within the interior of grains, representing a weathering front (Zhu, 2005; Zhu et al., 2006) and supporting the idea of in-situ formation.
If clay formation occurred earlier in the geological history of the Navajo Sandstone, other processes must explain the observed positive Si isotope composition of groundwater from Shonto PM2 and PM4. The Navajo Sandstone contains hematite as Fe-oxide coatings, a common feature giving the rock its red color (Dulaney, 1989) . Iron-oxides exhibit the potential for Si isotope fractionation during Si adsorption, where light Si isotopes are preferentially adsorbed onto Fe-oxide mineral surfaces (Delstanche et al., 2009) . Therefore, the adsorption of Si onto Fe-oxides provides a mechanism that could explain the positive Si isotope composition observed in some of the groundwater samples.
In either case, the positive Si isotope composition found in groundwater from Shonto PM2 and PM4 is different from the negative Si isotope composition found deeper in the N-aquifer. The Si isotope composition evolves from positive to negative values, which can be explained by neither clay formation nor adsorption of Si on Fe-oxides.
Silicon isotopic evolution of groundwater
If the clay and/or adsorption on Fe-oxides were the only reactions that affect the silicon isotope composition in the Naquifer, there should be an increase of d 30 Si values along the 100 km flow path. In contrast, d
30 Si decreases by 2& and reaches values more negative than any sources identified in the solid phases. This requires either a source of isotopically light Si or a sink for heavier Si isotopes. However, a sink for heavier Si isotopes has not been recognized, and processes involving inorganic phases, e.g. dissolution-precipitation cycles and adsorption of Si, prefer light Si isotopes over heavy, creating a sink for light Si isotopes and enrichment of heavier The groundwater encounters an increase in temperature from 14 to 35°C and an increase of pH from 7.6 to 9.0 as the aquifer dips down to $1.58 km depth flow path from the wells in the Shonto recharge area towards the Peabody wells (NAV6 and NAV9). The groundwater shows concomitant changes in water chemistry, with dissolved Si increasing from $6 to 10-11 mg/L and dissolved Al from 0.2 to 9.6 lg/L (Fig. A1) , and decrease in d 30 Si of 1.2&. The steep increase in Si concentration rather requires a source, enriched in 28 Si, than a sink for heavier Si isotopes, in order to explain the decrease towards negative d
30 Si values. Saturation index calculations show that groundwater becomes undersaturated with respect to kaolinite downstream from the Shonto wells, which means that this phase is not stable and might dissolve if present. The saturation state of the groundwater with respect to smectite evolves from undersaturated closer to saturation, indicating that the dissolution of smectite takes place and actually contributes to the dissolved load. The shifts in saturation with respect to secondary minerals suggest that dissolution of clay coatings occurs in the deeper part of the aquifer, and can account for the increase in dissolved Si and Al, as well as enrichment in lighter Si isotopes, thus the source for dissolved Si appears to have changed from primary mineral dissolution to secondary mineral dissolution. A comparable switch, from primary Si to secondary Si sources, has been observed in basaltic weathering chronosequences from Hawaii (Ziegler et al., 2005a) , where secondary minerals become the main Si source for isotopically negative Si in pore waters within the older soil sequences. However, as pointed out in Section 5.1, the observed isotope composition of the different clay samples is not sufficiently negative to directly explain the lightest d
30
Si values in these groundwater samples. The increase in Al concentration is not sufficiently pronounced to explain the larger increase in Si concentration with clay dissolution alone. Therefore, the increase in Si concentration points towards another Si source, which typically would be enriched in lighter Si isotopes.
The solubility of silica increases sharply with increasing pH from the neutral to alkaline range, likewise with increasing temperature (Appendix A). A potential source for isotopically light Si could be low-temperature silcretes, precipitated form Si rich fluids. Basile-Doelsch et al. (2005) found Cretaceous low-temperature silcretes with average d
30 Si values as negative as À5.7& in sandstone from southern France. The Navajo Sandstone was cemented by quartz and chert cements during early digenesis and silcretes are a common component of the Navajo Sandstone (Bromley, 1992) . Geochemical modeling shows that the groundwater analyzed herein is supersaturated with respect to quartz but undersaturated with respect to amorphous silica. Water from the Shonto wells is slightly supersaturated with respect to chalcedony, but samples downstream from Shonto are slightly undersaturated (Appendix A). If the silcretes from the Navajo Sandstone have crystallinity between detrital quartz and amorphous silica or solubility similar to chalcedony, dissolution of silcretes would take place in some segments of the flow path.
We neither have silcrete samples from the Navajo Aquifer nor the in-situ techniques required to commence Si isotope analyses of silcretes, and the following discussion thus remains speculative. Silcretes are an abundant feature in these rocks and the changes in water chemistry would favor their dissolution, hence the shift in Si concentration would coincide with changes in water chemistry. By analogy with the silcretes analyzed by Basile-Doelsch et al. (2005) , it is reasonable to assume that silcretes in the Navajo Sandstone are isotopically negative; hence they inhibit a source of Si enriched in lighter Si isotopes and could well explain the 1.2& decrease from Shonto to Peabody wells (NAV6 and NAV9). A mean d Silicification of the Navajo Sandstone took place early in diagenetic history, when fluctuating groundwater tables caused intermittent injection of alkaline fluids into sand deposits (Bromley, 1992) . Large amounts of Si were mobilized during repeating wet-dry cycles and silcretes were precipitated in the pore space of the vadose zone. The water table in this shallow perched aquifer was inclined towards the effluence, and as a result, the water flowed laterally mobilizing material in this direction. The cementation front was likewise moving laterally and fresh silcretes were precipitated with Si dissolved from material 'older' than the active cementation front (Bromley, 1992) . The Si isotope composition of the recent groundwater, assumed to be in equilibrium with the silcretes, might contain information about the palaeo-direction of those fluids that caused the silicification. Repeated wet-dry periods would transport Si by re-dissolution and re-precipitation. Different generations of silcretes show progressing lighter Si isotope compositions (Basile-Doelsch et al., 2005) . For a sandstone formation, such as the Navajo Sandstone, this could result in a scenario, in which the silcrete generations become enriched in light Si isotopes with progressing cementation front, and the evolution of Si isotopes in silcretes towards lighter isotope compositions would coincide approximately with the flow direction of the formation fluid from which those silcretes were precipitated. The isotope evolution of the recent groundwater shows progressive lighter Si isotope compositions along the flow path, and assuming this is Table Al Major element data for ground water samples from the N-aquifer, Black Mesa area, Northeastern Arizona, USA. Silicon isotopes in groundwater, Navajo Aquifer, USAbased on dissolution of different silcrete generations, it might thus mirror the palaeo-flow direction of the ancient groundwater.
CONCLUSIONS
We have analyzed stable silicon isotopes of groundwater together with detrital feldspars, clay coatings on feldspar and quartz grains from the Navajo Sandstone aquifer at Black Mesa, Arizona, USA. The first analysis of groundwater samples revealed d
30
Si values of dissolved silica spanning $2& along a 100 km transect, amply demonstrating the potential utility of stable Si isotopes in groundwater studies for deciphering weathering and diagenetic chemical reactions and cycling of Si. Moreover, our data show that, as the groundwater flows Our attempt to analyze co-existing primary and secondary silicate minerals and ambient fluids produced results that are consistent with the prevailing hypothesis of clay induced Si isotope fractionation in surficial systems. The detrital feldspars have d 30 Si values (À0.15%) similar to igneous rocks, the clay coatings are isotopically lighter by up to 0.4&, and the groundwater in the actively weathering zone of 0.56&.
Overall our study shows a more complex cycling of Si than previously realized as shown in our groundwater data along the 100 km transect. Stable Si isotopes unmasked reactions that eluded the studies of elemental concentrations alone. Clearly more studies of groundwater stable Si isotopes are needed.
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APPENDIX A. HYDROCHEMISTRY DATA AND DISCUSSION
To aid the interpretation of the Si isotope data, dissolved chemical constituents were also analyzed. The major element Silicon isotopes in groundwater, Navajo Aquifer, USAdata of the groundwater samples are listed in Table A1 . The evolutionary path of groundwater geochemistry is generally clear in the Navajo Sandstone aquifer (Fig. A1 ) and is consistent with previous studies (Cooley et al., 1969; Wickham, 1992; Zhu, 2000) . In the Shonto area, the groundwater is of the Ca 2+ -Mg 2+ -HCO 3 À type with a pH of 7.5-7.7. Shortly after groundwater enters into the basin, Ca 2+ and Mg 2+ concentrations decrease sharply while Na + concentration increase proportionally, and the pH increases to 9-9.5.
To ensure that the measured Si isotopes of groundwater represent the dissolved silica, we sampled and analyzed groundwater using both 0.2 lm and standard 0.45 lm pore size filters. Aluminosilicate colloids commonly occur in natural waters. However, water samples that passed through 0.2 lm and 0.45 lm filters show negligible differences in SiO 2 (aq) concentrations (Fig. A2) . Uranium, strontium, and lithium also show comparable concentrations in water samples that passed through the two different filters (Fig. A2) . However, iron concentrations show notable differences in wells Shonto PM4 and Peabody 6 although concentrations are comparable in other three wells.
The concern for possible aluminosilicate colloids in natural water samples also relates to the analysis of ''truly dissolved" Al 3+ and calculations of saturation indices for aluminosilicates in natural waters. Driscoll and Postek (1996) noted that ''. . .because particulate minerals exhibit a continuous size distribution, no absolute distinction between dissolved and particulate forms can be made, and results show a strong dependence on filter size." However, the eolian Navajo Sandstone offers an excellent opportunity to determine the dissolved Al 3+ concentrations. Water samples passed through 0.2 lm and 0.45 lm filters show negligible differences in Al 3+ concentrations. Overall, these results using two different pore size filters suggest that groundwater samples from the Navajo Sandstone do not contain colloids that are in the range of 0.2 and 0.45 lm, and the analyzed silica (and isotopes) and aluminum represent the dissolved portion of the elements.
Based on the major ion chemistry data, saturation states with respect to relevant minerals in groundwater samples were calculated. For all calculations, the standard states for the solids are defined as unit activity for pure solids at the temperature and pressure of interest. The standard state for water is the unit activity of pure water. For aqueous species other than H 2 O, the standard state is the unit activity of the species in a hypothetical one molal ideal solution referenced to infinite dilution at the temperature and pressure of interest. Speciation and solubility calculations were aided with the computer code Phreeqc (Parkhurst and Appelo, 1999) or EQ3/6 (Wolery, 1979) . Activity coefficients for the charged aqueous species were calculated from the Davis equation.
While we demonstrated that colloids are not a concern for Si and Al analyses used in saturation indices calculations, there are considerable differences in standard thermodynamic properties for minerals and aqueous species in various compilations (e.g. Helgeson et al., 1978; Nordstrom et al., 1990 ), which appears to give quite different SI values (Fig. A3) . However, it can be deduced that groundwater along the entire flow path is grossly undersaturated with respect to albite and anorthite, and grossly or slightly undersaturated with respect to K-feldspar (Fig. A3) . Upstream in the recharge area (Shonto PM2 and PM4), the groundwater is supersaturated with respect to kaolinite. Moving downstream, groundwater is undersaturated with respect to kaolinite near the Peabody wells to the Hotevilla wells.
Groundwater is supersaturated with respect to quartz, but undersaturated with respect to amorphous quartz. Saturation index values for smectite is difficult to assess because of its complex structures and chemistry and the lack of thermodynamic properties and solid solution models to account for the chemical and structural , we see undersaturation in the recharge zone, but supersaturated in the down stream area (Fig. A3) .
Silica solubilities are a strong function of pH and temperature. Fig. A4 shows the calculated solubilities for quartz and chalcedony for the range of pH and temperatures in our samples. The variation of solubilities of silica with pH and temperature is an important part of the Si evolution along the flow path. Fig. A4 . Calculated silica solubility as a function of pH and temperature. Amorphous silica solubilities are much higher and are off the chart. Thermodynamic properties were from (Ball and Nordstrom, 1991) .
